Systemic variables were evaluated with respect to O 2 delivery to test the hypothesis that critical O2 delivery and critical Hb can be estimated by multiple variables collected simultaneously. Rats were subjected to transfusion with either fresh or stored blood and then subjected to stepwise isovolemic hemodilution. Critical levels were measured by the dual-regression method from plots of systemic variables against O 2 delivery and Hb. Delivery was calculated from cardiac index and arterial O 2 content. We found that 1) after hemodilution, O 2 delivery changed in a nonlinear relationship with Hb; 2) critical delivery calculated using 30 different systemic variables was not statistically different from each other; 3) critical delivery and critical Hb were correlated but were not different between animals receiving fresh or stored blood; and 4) similar critical levels were found using a single variable from several animals and using several variables from the same subject. The best variables to estimate critical delivery were lactate, bicarbonate, base excess, O 2 extraction ratio, expired CO2, pulse pressure, cardiac index, and systolic pressure. The data suggest that a multivariable analysis of critical delivery may help determine the physiological oxygenation boundary at the whole body level. This may assist in finding therapeutic triggers on an individual basis using systemic markers of the transition from aerobic to anaerobic metabolism. hemodilution; transfusion; oxygen delivery and consumption SYSTEMIC O 2 DELIVERY (DO 2 ) is defined as the product of cardiac output (CO) and arterial O 2 content. At normal or high levels of DO 2 , O 2 uptake is independent of DO 2 because changes in DO 2 result in reciprocal changes in tissue O 2 extraction ratio. However, tissues exhibit a level of DO 2 , known as critical DO 2 (DO 2 crit ), below which the extraction cannot increase enough to sustain O 2 uptake, and O 2 consumption (V O 2 ) becomes supply (or DO 2 ) dependent (6, 26, 31, 33) . Therefore, a V O 2 -DO 2 plot reveals that V O 2 is relatively constant (supply independent) at high levels of DO 2 but falls off in a supplydependent phase when DO 2 is below DO 2 crit .
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Systemic DO 2 crit has been considered the ultimate physiological threshold to the manifestation of tissue hypoxia and shock (32) . Because DO 2 dependency has been associated with organ damage and poor outcome in critically ill patients, some investigators recommended aggressive efforts to increase DO 2 to replenish tissue O 2 and prevent organ dysfunction (16, 34, 35) . However, pathological DO 2 dependency is not detectable in many patients (3) , increased DO 2 is not always beneficial (9, 16, 26) , and pathological dependency remains a controversial topic (30) .
The detection of the supply-dependent phase may depend on the ability to determine DO 2 crit (5, 33) , and most previous attempts to analyze DO 2 crit focused on V O 2 -DO 2 relationships (5, 10, 26) . DO 2 crit does not seem to be affected by the method used to decrease DO 2 (4) and is an important marker of the transition to anaerobic metabolism (26, 31, 32) . Although different organs and tissues possess unique V O 2 -DO 2 relationships (5-7, 10, 29) , the passage from aerobic to anaerobic metabolism changes multiple whole body physiological variables. Unfortunately, there are no studies presenting a detailed evaluation of systemic variables as a function of DO 2 . We hypothesized that, if changes in these variables would follow changes in DO 2 in a predictable fashion, they could be used to detect the departure from aerobic metabolism and to estimate DO 2 crit . This approach could be useful in settings with limited access to technologies for V O 2 monitoring (6) .
The present investigation was designed to verify if changes in systemic variables would follow changes in DO 2 in a predictable fashion and could be used to estimate DO 2 crit . This was accomplished by decreasing DO 2 and assessing the ensuing changes in systemic variables.
We tested the hypothesis that DO 2 crit can be estimated by multiple variables. The DO 2 crit estimation was tested by processing data in the following two ways: 1) data from all animals were averaged to provide a mean DO 2 crit for each variable and 2) data from all variables were averaged to provide a mean DO 2 crit for each animal. To further test the relationship between each variable and DO 2 , animals were subjected to transfusion with either fresh or stored blood. Because Hb concentration is easier to determine than DO 2 and Hb levels are used to trigger more aggressive procedures, such as transfusion (1, 44) , we also investigated the systemic changes as a function of Hb.
MATERIALS AND METHODS
Animal instrumentation and measurements. This study was approved in advance by the Institutional Animal Care and Use Committee of Virginia Commonwealth University Health System and conforms to the Public Health Service Policy on Human Care and Use of Laboratory Animals (August, 2002) and the American Physiological Society's "Guiding Principles in the Care and Use of Animals." Twenty-two male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 430 Ϯ 6 g (mean Ϯ SE) were housed (12:12-h light-dark cycle, constant temperature and humidity) for a 1-wk adaptation period with free access to standard rat chow and water.
Hemodynamic measurements. The animals were instrumented under anesthesia with a mixture of ketamine (70 mg/kg ip; Fort Dodge Animal Health, Fort Dodge, IA) and acepromazine (3 mg/kg ip; Vedco, St. Joseph, MO), followed by an intravenous infusion (0.24 -0.36 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) of alfaxalone-alfadolone acetate (Saffan; Schering-Plough Animal Health, Welwyn Garden City, UK). The left femoral artery was connected to a disposable pressure transducer to continuously measure arterial blood pressure. The right jugular vein was cannulated with PE-90 tubing advanced to the entrance of the right atrium. This line was used to collect central venous blood samples and for recording central venous blood pressure. The right femoral artery and vein were connected to a syringe pump (model PHD2000; Harvard Apparatus, Holliston, MA). The right femoral artery was used for blood exchange and blood sampling. The core temperature was maintained at 36.5-37.0°C using a blanket (Harvard Apparatus).
Rats were ventilated by a pressure-controlled ventilator (Kent Scientific, Torrington, CT) using a Y-shaped tube and an inspired fraction of O 2 (FIO 2 ) of 0.95. This FIO 2 is commonly used in surgical settings. To monitor minute ventilation (V E) volume, the expiratory limb of the Y tube was connected to a pneumotach attached to a differential pressure amplifier (Biopac Systems, Goleta, CA). Calibrated pumps continuously sampled mixed expired gas, routing it to O 2 and CO2 analyzers (O2100C and CO2100C modules; Biopac Systems) by means of water-permeable Nafion tubing. After placement in the ventilator and for the remainder of the experiment, the animals received a continuous intravenous infusion of pancuronium bromide and Hespan (for hydration). A median sternotomy was performed, and a transit-time ultrasonic flow probe (model 2.5SB; Transonic Systems, Ithaca, NY) was positioned around the ascending aorta. The probe was connected to a flowmeter (model T206; Transonic Systems) for continuous recording of aortic blood flow. This technique is stable and reproducible and recently has been used to estimate DO2 crit in rats subjected to prolonged hemorrhagic hypotension (39) . The method has been fully validated under various experimental conditions and by comparison with other techniques (43) .
Blood-gas, hematological, and biochemical measurements. Blood analyses were performed in arterial and venous samples (0.1 ml each) collected using heparinized glass capillaries. Blood gases and chemistry were measured with a blood gas analyzer (ABL 725; Radiometer, Copenhagen, Denmark). Total Hb concentration, methemoglobin, and Hb O2 saturation were measured with a multiwavelength CO oximeter adjusted for the rat's Hb absorption spectra (OSM3; Radiometer). Hematocrit was determined from an additional blood sample (0.06 ml) withdrawn in a heparinized microtube.
Solutions. The following solutions were used: 1) Hespan was used as hydration fluid and for isovolemic hemodilutions and 2) fresh and aged blood; blood was harvested from a separate group of SpragueDawley rats (400 -500 g body wt) maintained under isoflurane anesthesia. Under sterile conditions, blood was withdrawn into 20-ml sterile syringes containing 2 ml citrate-phosphate-dextrose solution with adenine (CPD-A; Sigma Chemical, St. Louis, MO). Once collected, the blood was immediately centrifuged and stored as packed cells (60 -70% hematocrit) in neonatal unit storage bags at 4°C. Blood was maintained for the appropriate length of time (Ͻ24 h for fresh blood and 10.5 days for stored blood) before reinfusion. Before blood exchange, packed cells were diluted with normal saline so that all animals received blood with the same Hb concentration (10.5 Ϯ 0.5 g/dl). All injected solutions were warmed to room temperature (23 Ϯ 2°C) and administered without further change in temperature. Just before injection, blood analyses were performed in each solution.
Protocol. Animals were heparinized, and baseline measurements were obtained. Rats were randomly allocated to experimental groups in which 50% isovolemic exchange transfusion was performed with fresh blood (n ϭ 14) or stored blood (n ϭ 8). At the end of the baseline period, animals were subjected to the exchange transfusion procedure with one of the test solutions. After the end of the isovolemic exchange (10 min), one set of measurements was performed. To decrease DO2 in a stepwise fashion, animals were subjected to 10 -14 isovolemic hemodilutions at rates of 0.5-1 ml/min and dilution volumes of 3-8 ml/kg. Typically, higher rates and exchange volumes were used in the first five to six steps and slowly decreased as lower values of Hb were achieved. Blood was withdrawn from the right femoral artery, and Hespan was infused through the right femoral vein. After completion of each dilution (5 min), a complete set of the measures outlined above was collected. The average time interval between each data collection was 14 min. The dilution protocol was followed until a terminal stage was reached such that CO and arterial pressure were no longer constant from the beginning to the end of the data collection period. Typically, the animals died shortly after this terminal stage. A subgroup (n ϭ 5) of the rats that received fresh blood was used as control animals for the hemodilution procedure. These rats were subjected to all experimental procedures except for the hemodilution. All animals requiring euthanasia received a pentobarbital sodium overdose of 100 mg/kg (iv).
Data acquisition and analysis. Signals from the pressure transducers, aortic flowmeter, pneumotach, and gas analyzers were digitized at a rate of 500 Hz (Acqknowledge 3.7.2 ϩ MP150 hardware and software; Biopac Systems). Systolic, diastolic, pulse, and mean arterial pressures were calculated from the arterial pressure recording. Heart rate (HR) was calculated from the aortic flow signal. CO and mean V E were estimated from the mean aortic flow and pneumotach signal, respectively. Mean stroke volume was calculated as CO/HR. Because surface area was not measured in each rat, relative stroke index and relative cardiac index (CI) were computed by dividing the appropriate variables by body mass. As an estimate of cardiac contractility, the first derivative of aortic flow with respect to time was calculated, and its maximum value (dF/dt) was obtained. All off-line calculations were based on 1-min segments of the digitized signals.
Global V O2 was calculated both by the Fick equation (V O2b) and by direct measurement of air flow and inspired and expired gas concentrations (V O2g). V O2g was calculated as follows: V O2g ϭ V E(FIO 2 Ϫ FEO 2 ), where FEO 2 is the fraction of expired O2. V O2b was also calculated by the product of CI and the difference between arterial (Ca O 2 ) and venous (CvO 2 ) O2 contents:
where aHb O 2 Sat and vHb O2 Sat are the arterial and venous Hb O2 saturations, respectively, and PaO 2 and PvO 2 are the arterial and venous O2 tensions, respectively. Whole animal DO2 was computed as the product of CaO 2 and CI. Accordingly, the following two O2 extraction ratios (ER) were computed: O2ERg ϭ V O2g/DO2 and O2ERb ϭ V O2b/DO2.
Critical value estimation. DO2 crit was determined in each animal from a plot of V O2 as a function of DO2 using a dual-line method previously described (27) . For each rat, V O2 was plotted against DO2, and a series of regression lines were fitted to the delivery-dependent and delivery-independent portions of the V O2-DO2 curve using the least-squares method. The best pair of regressions was determined, based on the smallest sum of squared residuals. The DO 2 at which these two regression lines intersected indicated the DO2 crit. This methodology was extended to determine DO2 crit from plots of all systemic variables as a function of DO2, and the data were processed in the following two ways: 1) data from all animals were averaged to provide a mean DO 2 crit for each variable; and 2) data from all variables were averaged to provide a mean DO2 crit for each animal. Similar analysis was performed for all variables as a function of Hb to obtain estimates of critical Hb (Hb crit) concentration. A computer program was developed to automate the processing of the Ϸ30,000 regression lines required to compute all estimations in all animals. In 83% of the cases, the dual-regression method was "successful" in estimating critical values from DO 2 plots: data could be adequately fitted by two crossing regression lines, and an inflection point was found in a given relationship. In 17% of the cases, an inflection point could not be found, and these cases were considered as "unsuccessful" critical determinations. For each variable, a success rate was computed by dividing the number of successful determinations by the total number of tested relationships.
Statistics. Values are reported as means Ϯ SE. Differences between two groups (fresh and stored blood) for the mean DO 2 crit of each variable were analyzed by using the Student's t-test. The coefficient of variation (CV, calculated as SD/mean ϫ 100) was used as an index of variability. For correlation analysis, linear least-squares regressions were performed, and significance of the correlation coefficients was tested. The Student's t-tests and calculations of statistical significance and of the CV were performed using commercial computer software [Origin 7 (OriginLab) and Excel 2002 (Microsoft)]. All P values correspond to two-tailed tests with significance set at 0.05.
RESULTS
The systemic variables from control animals remained relatively stable throughout the tested period of 5 h. Because the animals received Hespan to replace the volume of blood used during sampling, these animals showed a small decrease in blood Hb concentration over time, but O 2 delivery and consumption were not statistically different from baseline measurements. The number of hemodilution steps and the total volume of Hespan used were similar for all hemodiluted animals, averaging 13 Ϯ 1 and 63.2 Ϯ 2.2 ml/kg, respectively. Whole body DO 2 was relatively constant for Hb values Ͼ6 g/dl (Fig. 1) . The isovolemic hemodilutions led to progressively lower Hb and correspondingly lower DO 2 for all animals, following a nonlinear relationship. The steeper decrease in DO 2 at low Hb levels indicates a change in CO at higher hemodilution levels. The decrease in DO 2 led to changes in systemic variables (Fig. 2) , and all animals responded in a similar fashion, with the main change occurring after DO 2 reached 10 ml⅐min Ϫ1 ⅐kg Ϫ1 . The variables were grouped into four categories (hemodynamic, cardiac, respiratory/oxygenation, and blood chemistry) to facilitate analysis and presentation.
Some variables did not present any discernible relationship with DO 2 and were not subjected to the dual-regression analysis. These variables included HR, central venous pressure, respiratory flow, and blood Na ϩ , Cl Ϫ , and Ca 2ϩ levels. The remaining 30 variables, listed on Table 1 , were processed to estimate DO 2 crit and Hb crit . Figure 3 shows the application of the dual-regression method to estimate DO 2 crit from systemic data in addition to the traditional use of the methodology in V O 2 -DO 2 relationships. Some data could not be fitted by two crossing regression lines, and the dual-regression method was not successful in estimating critical values. The success rate and the mean correlation coefficient (for the DO 2 -dependent portion) for each variable are presented in Table 1 . The overall mean correlation coefficient was 0.946 Ϯ 0.008. With the use of 26 variables, successful estimates of DO 2 crit and Hb crit were obtained in Ͼ50% of the cases (at least 9 of 17 animals).
Values of DO 2 crit estimated from various systemic variables were not statistically different (Figs. 4 and 5) . In addition, independent of the variable used, values of DO 2 crit for animals receiving fresh and stored blood were not statistically different. The DO 2 crit calculated from cardiac variables (CI, stroke index, and dF/dt) showed the largest difference between animals receiving fresh and stored blood, but the difference did not reach statistical significance for any of the variables (0.05 Ͻ P Ͻ 0.10).
The success rate and the CV for each variable used to estimate DO 2 crit are presented in Fig. 6 . With the use of the criteria of both high success rate and low CV, the best variables In D, the first y-axis (from left to right) refers to arterial pH (apH) and the second y-axis is used for arterial glucose (aGluc), potassium (aK ϩ ), bicarbonate (aHCO 3 Ϫ ), and O2 tension (PaO 2 ). aGluc, arterial glucose; aLactate, arterial lactate. Note that the curves for all variables change inflection at similar critical DO2 (DO2 crit), indicated by the vertical bars. dF/dt, maximum slope of aortic flow curve; CO2 max, peak expired CO2 concentration; V O2b, O2ERb, V O2g, and O2ERg, O2 consumption (V O2) and O2 extraction ratio (ER) calculated from blood (b) and expired gas (g).
to estimate DO 2 crit were arterial lactate, arterial HCO 3 Ϫ , dF/dt, venous lactate, arterial base excess, O 2 ER g , peak expired CO 2 , pulse pressure, CI, and systolic pressure (Fig. 6, bottom right) . Pa CO 2 possibly could be included among the best variables, since the combination of its relatively high success rate (88%) and low CV (15%) makes it comparable to the systolic pressure (94% success and 25% CV). The same rationale would apply to stroke index because of its high success rate (100%) but relatively high CV (29%).The worse variables were arterial Hb O 2 saturation and Pa O 2 tension (Fig. 6, top left) . The variability of DO 2 crit among variables (9%) was smaller (P Ͻ 0.05) than the variability of DO 2 crit among animals (14%).
The analysis of changes in systemic variables as a function of Hb yielded results very similar to the analysis performed with DO 2 . The correlation coefficient (for the DO 2 -dependent portion) for each variable was always high, and no difference was found between animals treated with fresh or stored blood. Similarly to DO 2 crit , Hb crit calculated from cardiac variables showed the largest difference between fresh (2.4 Ϯ 0.1 g/dl) and stored (3.0 Ϯ 0.3 g/dl) blood-treated rats, but the difference did not reach statistical significance for any of the three variables (0.05 Ͻ P Ͻ 0.10). The overall average Hb crit , considering all 30 variables, was 2.8 Ϯ 0.1 g/dl (CV ϭ 13%). The average Hb crit calculated for each animal, using at least 19 different variables, was also 2.8 Ϯ 0.1 g/dl (CV ϭ 14%). Despite the small range of DO 2 crit values, a significant linear correlation was found between Hb crit and DO 2 crit calculated for all 30 variables (Fig. 7) .
The calculated "critical" values for each systemic variable at DO 2 crit are presented in Table 2 . For each variable, critical values found for fresh and stored blood-treated animals were not statistically different.
DISCUSSION
To test the hypothesis that DO 2 crit can be estimated by multiple variables, a systematic investigation of physiological variables was performed in animals subjected to stepwise hemodilutions until death. The main findings were that 1) DO 2 crit calculated using 30 different systemic variables were not statistically different from each other; 2) DO 2 crit and Hb crit were linearly related, but they were not different between animals receiving fresh or stored blood; and 3) similar DO 2 crit values were found using a single variable from several animals and using several variables from the same subject.
This study presents the first quantitative evaluation of respiratory, cardiac, hemodynamic, and blood biochemical variables, measured simultaneously, in a significant range of DO 2 levels, varying from fully aerobic to near-death anaerobic conditions. Our results are the first to demonstrate that DO 2 crit and Hb crit can be simultaneously estimated by a large number of systemic variables. We used a hemodilution model that was developed and standardized in our laboratory, providing direct and online measurements of multiple systemic variables and the determination of DO 2 crit from a large number of consecutive DO 2 measurements. In addition to providing quantitative estimations of DO 2 crit , the present work presents a methodology to analyze systemic data as a function of DO 2 (and/or Hb) to follow systemic markers of the transition from aerobic to anaerobic metabolism.
In an intact physiological system, several interrelated mechanisms act to provide adequate O 2 supply to meet different tissue demands. Conversely, a major disturbance in the system, such as drastic decreases in DO 2 , should affect a number of the interconnected physiological systems, leading to changes in several physiological variables. Our study shows that it is possible to detect the transition to anaerobic metabolism at a whole body level using some traditional but nonconventional measures. Because perfusion and metabolic demand are heterogeneously distributed, a given variable may not reflect the adequacy of tissue oxygenation in individual organs. Mixed (central) venous blood biochemical changes can be relatively insensitive to organ imbalances, and changes in venous Hb DO2, oxygen delivery; r, mean correlation coefficient (for the DO2-dependent portion); n, no. of animals; dF/dt, maximum slope of aortic flow vs. time curve; CO2max, peak expired CO2 concentration; V O2b, O2ERb, V O2g, and O2ERg, O2 consumption (VO2) and O2 extraction ratio (ER) calculated from blood (b) and expired gas(s), respectively; Sat, saturation; CV, coefficient of variation. See Table 2 for units. O 2 Sat cannot always be used to identify tissue hypoxia in individual patients (32) . Likewise, there may be causes of increased lactate levels that are not related to tissue hypoxia (18, 36) . Therefore, a multivariable analysis of DO 2 crit may be important, since a group of systemic variables may indicate the state of tissue oxygenation in a more reliable fashion than any single individual marker.
The tissue O 2 extraction and the V O 2 -DO 2 relationship have been examined at whole body (3, 9, 12, 20, 26, 45) , organ (10, 28) , and even capillary (13) levels. Previous attempts to analyze DO 2 crit have focused on V O 2 (3, 9, 12, 20, 26, 27, 32, 45) , PCO 2 (11, 15, 45) , and CI (24) relationships with DO 2 and lactate (42, 44) and pH (45) changes. We speculated whether other systemic variables could be used to simultaneously determine DO 2 crit and found that similar DO 2 crit levels could be obtained for nearly 30 systemic variables. The small variability of DO 2 crit determinations among variables (9%) in comparison with DO 2 crit values among animals (14%) suggests that the use of several variables to estimate DO 2 crit is a relatively accurate procedure. Therefore, it may be possible to determine a critical point in whole body metabolism based on variables that are easier to measure experimentally and clinically. The mean DO 2 crit in this study is similar to values reported previously for rats (39) , rabbits (20) , pigs (17) , and dogs (45) .
Estimation of critical values of systemic variables at DO 2 crit has been so far mostly restricted to V O 2 (4, 5, 12, 26) , CI (24), pH (3, 45) , PCO 2 (3, 45) , and lactate (45) . We extended these determinations and estimated critical values for a wide range of respiratory, biochemical, and hemodynamic variables ( Table  2) . Although average critical values for each variable may be used only as a reference for an animal subjected to decreases in DO 2 , the fact that these variables show progressive changes toward a critical point may be a very useful finding. If these concepts are confirmed in clinical settings, they will provide a valuable tool to determine the transfusion trigger on an individual basis (i.e., for each patient), without the need of the sophisticated methodologies such as those needed for CO and V O 2 measurement. The ability to predict this trigger level, by tracking progressive changes in these variables using unbiased, quantitative methods, may help in finding the appropriate time to start a therapeutic procedure. The possibility to determine a critical threshold level considering the time trend of several systemic variables (obtained before DO 2 crit is reached) underscores the concept of an individual (Hb/DO 2 crit ) trigger ob- Fig. 3 . Each panel shows representative experimental data from one animal where DO2 crit was estimated from a systemic variable using the dual-regression method. Each point represents one measurement. The straight lines are the least-squares regression line for the DO2-dependent and DO2-independent portions of the data. In each case, at least 10 pairs of regressions were tested. The DO2 crit (arrows) was estimated from the intersection between the two regression lines, as denoted by dotted lines.
tained for each patient, as opposed to a single universal transfusion trigger.
We also demonstrated that changes in systemic variables as a function of Hb concentration can be used to estimate critical oxygenation levels. Despite the nonlinear relationship between DO 2 and Hb, the changes in systemic variables as a function of Hb were very similar to those found as a function of DO 2 . Similar results were previously reported for rats (24) and dogs. The similar variability of Hb crit and of DO 2 crit suggests that Hb levels may be as accurate as DO 2 in finding the critical decompensation point. This may be important, since, in most instances, levels of Hb are much easier to determine than levels of DO 2 (22) , and blood Hb concentration is an important variable directing transfusion therapy in patients suffering blood loss (1) .
Even before DO 2 crit was reached, some variables showed a systematic increase as DO 2 was lowered. The continuous rise in O 2 ER was expected, since this is a mechanism that allows the maintenance of O 2 consumption during reductions in DO 2 . Increased K ϩ levels and vasodilation (decreased total peripheral resistance) were also observed during hemodilution (Fig.  2) . The decreased DO 2 after hemodilution may evoke hypoxiarelated mechanisms similar to those found during hemorrhagic hypotension, even though a number of differences exist between these two conditions. Vasodilation during the hemorrhagic shock has been associated with K ϩ channels (21), since shock is associated with derangements in the intracellular metabolic status and K ϩ channels can be opened by decreased intracellular ATP levels and by acidosis. In addition, hyperkalemia has been associated with death after hemorrhagic hypotension (19, 39) . Ischemia-induced loss of hepatic K ϩ could account for a portion of the observed increase in extracellular K ϩ (19, 29) , since the liver has been shown to experience the most severe reduction in V O 2 (2) .
A common criticism in V O 2 -DO 2 experiments is that both variables depend on CO measurement, and some investigators pointed out that relationships determined between calculated variables in the presence of shared measurements could be erroneous (6, 30, 37) . To obtain accurate results, we employed a continuous and reliable CO measurement method (39, 43) and also measured V O 2 by a CO-independent method. Although estimations using blood samples (V O 2b and O 2 ER b ) and expired gas (V O 2g and O 2 ER g ) gave similar DO 2 crit values, the determination of DO 2 crit was more often successful when measurements were based on expired gas. Surprisingly, we did not find differences between rats treated with fresh and stored blood. In our experiments, blood was stored for 10.5 days, which may be equivalent to 42 days storage in humans, since one study (8) has shown that red blood cells (RBCs) from rats age four times faster than human RBCs. However, only a limited number of variables was previously considered to evaluate the aging process of rat RBCs (8) , and these cells may require longer storage times to develop all the changes that will make them comparable to aged human cells. For instance, rat blood stored for 28 days failed to improve oxygenation in models of sepsis (14) and hemorrhage (40) . In addition, our experiments lasted a few hours from the time stored blood was infused until DO 2 crit was reached. It is possible that the reinfused blood could have recovered part of its storage dysfunction during that time, since it is known that stored RBCs start regenerating immediately after infusion.
Limitations. Limitations to interpretation of the current study should be considered. Other systemic variables, not investigated in our study, may follow similar changes with DO 2 crit and may also be used to estimate DO 2 crit . Additionally, calculations based on some variables (e.g., arteriovenous differences in PCO 2 and pH) may yield similar results (45) . Although a number of indicators of anaerobic metabolism could be used, our study focused on those already clinically available and that can be easily monitored in a clinical setting.
Another limitation is the use of the dual-regression method. We noted that the changes in the variable as a function of DO 2 were sometimes more complex than the program could resolve by trying to fit the data with two straight lines. However, a change in the relationship (at the same DO 2 crit estimated by other variables) could be easily identified by visual inspection of the tracing. Therefore, it is possible that a more sophisticated (nonlinear) fitting of the data could yield higher success rates in estimating DO 2 crit . For example, V O 2 -DO 2 relationships have been successfully fitted by exponentials (25) . On the other hand, the dual-line method was used in the current analysis because it provided an unbiased means to estimate DO 2 crit , and it is the most frequently employed method (12, 17, 20, 39) . It also bears the advantage of ease of implementation and a small sensitivity to experimental error (27) .
Anesthesia has been shown to affect the V O 2 -DO 2 relationship (25, 41) , whereas ketamine and halogenated anesthetics may limit the tolerance to severe hemodilution (25, 41, 42) . The anesthetic Saffan was chosen for this study because it preserves cardiovascular reflex activity (23) and because stud- ies on cardiorespiratory functions in the rat used this anesthetic (38) , including determinations of DO 2 and V O 2 (39) , as performed in our studies. In addition, we found that DO 2 decreased sharply with a reduction in Hb once critical levels were reached ( Fig. 1) , indicating a strong CO response to hemodilution during Saffan anesthesia. These responses contrast with reports that ketamine prevented the expected increase in CO during hemodilution (42) and further support the use of Saffan.
The present experiments were designed to simulate some of the conditions of a surgical setting where blood transfusion, general anesthesia, mechanical ventilation, and changes in DO 2 may occur. In addition, our study was performed under relatively controlled conditions using a homogenous group of animals. In clinical scenarios, Hb crit (and DO 2 crit ) will depend on several factors, such as time course and intensity of hemorrhage/hemodilution, age, and comorbidity (1) . In view of these limitations, further studies are necessary before our results can be applied to clinical situations.
The results of the present investigations may have implications for further understanding of prior controversial topics, e.g., instances where V O 2 -DO 2 plots fail to show a clear DO 2 -dependent segment (3, 9) . In our study, V O 2 was not among the best variables to estimate DO 2 crit . However, all animals that did not show supply dependency using V O 2 showed a clearly defined DO 2 crit , as determined by at least 17 different variables. These results suggest that, although supply dependency of V O 2 may not have been detected in some previous studies, a critical level of DO 2 could have been reached. Therefore, in some circumstances, a V O 2 -DO 2 plot may not be sufficient to determine DO 2 crit .
In summary, the present studies in hemodiluted rats document similar patterns of systemic variables as a function of either DO 2 or Hb. The data suggest that a multivariable analysis of critical O 2 levels may help in reliably determining the physiological oxygenation boundary at the whole body level. This may assist in finding therapeutic triggers on an individual basis using variables that are readily available experimentally and clinically.
